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CHAPTER 1
PROLOGUE
1.1 Prologue
This thesis contains two major projects. Chapter two discusses the aerosol neutralizing system for the large scale high-eff ciency particulate air f ltration test stand located at
the Institute for Clean Energy Technology (ICET). Discussed are theoretical calculations
to estimate ion pair production, Monte Carlo N-Particle eXtended (MCNPX) modeling
to estimate ion pair concentrations, and measurements used in identifying the over all
effectiveness of the neutralizing system in neutralizing charged aerosols. MCNPX is a
general-purpose Monte Carlo radiation transport packaged developed by the Los Alamos
National Lab for modeling of radiation with materials. Chapter three discusses a general method for calculating dose rates using gamma-ray scintillation detectors utilized on
mobile surveying systems.

1

CHAPTER 2
AEROSOL NEUTRALIZER FOR THE ICET LARGE SCALE HEPA TEST STAND
2.1 Introduction
The Institute for Clean Energy Technology (ICET) at Mississippi State University
(MSU) has developed a large scale test stand for the lifetime testing of AG-1 section FK
radial f ow high-eff ciency particulate (HEPA) f lters [12]. The f lters will be used in a
nuclear materials processing facility at the Savanna River National Laboratry to f lter the
air in the facility. The test stand is used to test the f lters under a variety of environmental
conditions do determine how long the f lter will last and when they will fail.
The test stand is composed of several main components: f lter housing, aerosol generator, aerosol neutralizer, induced draft system, ducting, and portholes. The current f lter
housing of the test stand has the capability of containing one or two f lters, depending on
the air velocities within the test stand. Software dynamically controls the volumetric f ow
rate within the test stand. The software monitors air velocities of the test stand and adjusts
the power of the blowing system to maintain a user-def ned constant air velocity. Portholes
are located at a large number of locations on the test stand so measuring devices can be
inserted into the test stand. A schematic of the test stand can be seen in Figure 2.1

2

Figure 2.1
Schematic of the large scale HEPA test stand.

3

A schematic of the aerosol generating system is provided in Figure 2.2. The aerosol
generator for the test stand consists of several components: a K-Tron Solder model KCVKT20
powder feeder, a Vaccon Venturi vacuum pump, and an injection nozzle. The powder
feeder feeds powder into an orif ce on top of the Venturi vacuum pump. Dry compressed
air at 413.7 kPa (60 PSI) is fed into one end of the Venturi vacuum pump and forces air at
high velocity from one end of the pump to the other. Because of differential pressure at the
orif ce on the top of the vacuum pump, powder from the powder feeder is asperated into
the vacuum pump and pushed through the injection nozzle. The injection nozzle is located
on the center-line of the test stand pointing directly into the air stream, causing aerosols to
be injected counter current to the airf ow of the test stand.

Figure 2.2
Schematic of the aerosol generating system.

4

The f lter loading properties of aerosol particles are highly dependent on particle size.
Particles smaller than 500 nm have a higher impact on f lter loading rates per milligram of
aerosol mass. The determination of particle size less than 500 nm is best accomplished using a differential mobility analyzer in a combination with a condensation particle counter.
Accurate determination of electric mobility requires that the aerosol particles have reached
the Boltzmann equilibrium charge distribution. A major use of data collected with the
HEPA test stand is the development of models to predict loading curves as a function of
particle size. It is therefor imperative that the highly charged aerosols produced by the
aerosol generator be neutralized [13, 27].
Charged aerosols are typically mixed with ion pairs to bring them to the Boltzmann
equilibrium. The charged aerosols undergo collisions with the ion pairs, transferring their
charges, and eventually reaching the Boltzmann equilibrium state. The duration it takes
to reach Boltzmann equilibrium is a function of ion pair concentrations and the length of
time the aerosols are exposed to the ion pairs. The higher the concentration of ion pairs,
the shorter the aerosols need to be exposed to the ion pairs. Aerosols must be exposed
to a minimum of 6 × 106 ion pairs per cubic centimeter for a minimum of one second
to reach the Boltzmann equilibrium [13]. Aerosols that are not brought to the Boltzmann
equilibrium will not be measured properly or deposited onto the f lter media properly. The
charge on the aerosols will cause the aerosols to settle on the media in an unnatural way
causing false measurements in the loading capacity of the f lter.
There are a variety of methods in which ion pairs can be generated such as corona
ionizers or radioactive sources [6, 14]. Corona ionizers utilize high electric potentials to
5

generate plasmas containing ion pairs that surround the anodes and cathodes [9]. The
anodes and cathodes are typically placed within the volume containing the aerosols. However, corona ionizers are impractical in this situation because of the large volume of the
test stand. Another method to generate ion pairs is to use radiation sources [11].

2.2 Radiation Sources
All types of ionizing radiation can generate ion pairs. Neutron and gamma radiation
sources were not considered for this application because gamma and neutron radiation
would not interact with air within the test stand readily enough because of their neutral
charge. Alpha and beta radiation, on the other hand, will readily interact with air within
the test stand. Alpha particles quickly deposit their kinetic energy because of their 2e+
charge and mass and their f ight path is too short to be useful within the test stand [7].
The short f ight path of alpha particles would not generate a large enough irradiation f eld
within the test stand, causing large regions within the test stand to be void of any ion pairs.
However, alpha sources are used for aerosol neutralization in small test stands and within
measurement equipment [5].
Beta radiation sources were chosen as the radiation type to be used within the large
scale HEPA test stand. Specif cally, 1.48 × 109 Bq (40 mCi) strontium-90/yittrium-90
(90 Sr/90 Y) sources are used. A photograph of one of the 90 Sr/90 Y sources can be seen in
Figure 2.3. The

90

Sr/90 Y source were sealed within high-density polyethylene (HDPE)

cylindrical shaped containment vessels that were constructed at ICET. A cone-shaped
“window” with an apex angle of 150o was machined out of one end of the HDPE and
6

the sources were located at the point of the cone. This window restricts the beta particles
to being emitted in a certain direction. A drawing of the window can be seen in Figure 2.4.

Figure 2.3
Photograph of a 90 Sr/90 Y source.
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Figure 2.4
Drawing showing overall source holder assembly that is inserted into port.

Attached to the other end of source containment vessel is a thick aluminum disk. The
aluminum disk has the same dimensions and cutouts as the covers for the portholes of the
test stand. This aluminum disk is used to allow the sources to be bolted into the portholes
of the test stand. Attached to the opposite side of the aluminum disk from the HPDE source
containment vessel is a handle. The handle is used to facilitate the installation and removal
of the sources from the test stand. A shielding container was also designed and constructed
for storing the sources when not in use. Photographs of the source holder, containment
vessel, handle, and shielding container can be see in Figure 2.5 and Figure 2.6.
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Source Shielding

Source Holder

Source Position

Figure 2.5
Photograph of the source holder, containment vessel, and shielding container.

Figure 2.6
Photograph of the source holder within shielding container..
9

A total of four sources were employed in the neutralizing system. The sources were
located in the second 3.05-meter (10 foot) section of the test stand immediately downstream from where aerosols are injected. The neutralization section is upstream of the
measurement instrumentation. The sources are positioned 90o to relative each other about
the axis running parallel to the center of the test stand. The portholes for the sources are
also oriented at 45o relative to the other portholes of the test stand. A schematic of the neutralization sources mounted in the test stand is displayed in Figure 2.7 and a photograph
can be seen in Figure 2.8

Sources

Figure 2.7
Schematic depicting the location and orientation of the neutralizing sources.
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Figure 2.8
Photograph of the neutralizer portion of the test stand

Both 90 Sr and 90 Y undergo beta-minus decay.

90

Sr decays to form 90 Y, has a half-life

of 29.1 years, and emits a beta particle with a maximum energy of 546-keV.

90

Y decays

to form stable zirconium-90, has a half-life of 2.7 days, and emits a beta particle with a
maximum energy of 2.28-MeV [11]. Because the half-life of
90

90

Y is much shorter than

Sr, 90 Y is said to be in secular equilibrium and its activity is identical to that of 90 Sr [17].

The activity of the source will grow over time to twice of what it was initially. The growth
of the intensity of the radiation for a 40 mCi 90 Sr/90 Y source is provided in Figure 2.9.

11

Figure 2.9
Growth of the activity of a 90 Sr/90 Y source.
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2.3 Theoretical Calculations
The energy of a beta particle is in the form of kinetic energy that can be transferred to
air molecules and atoms within the test stand. The energy transfer is signif cant enough to
ionize the air molecules, yielding ion pairs when the kinetic energy of the beta particle are
in excess of 34 eV. These ion pairs then combine with the charged aerosols to neutralize
them. A production rate of 6 × 106 ion pairs per per cubic centimeter per second needs
to be generated for proper aerosol neutralization. Charged aerosols need a residence time
of approximately one second of exposure to this concentration of ion pairs to reach Boltzmann equilibrium [13]. A simple drawing of the radiation f eld produced by the 90 Sr/90 Y
sources can be seen in Figure 2.10

150°

Figure 2.10
Drawing of the radiation f eld produced by 90 Sr/90 Y sources.

Some conservative assumptions about the behavior of the beta particles and the radiation radiation f eld have been made because of the complex geometry of the volume
containing the radiation f eld. The beta particles are emitted from the source spherically.
The window of the source holder subtends approximately 40% of the 4π solid angle of a
13

sphere, so 40% beta particles emitted from the source will be emitted into the test stand.
Half of the beta particles will come from 90 Sr and the second half will come from 90 Y. The
f ight paths of the beta particles are also assumed to be linear. It is assumed that energy deposition only occurs within the test stand and all other events or interactions do not occur,
including ref ections back into the test stand.
The critical component of the theoretical calculations of the ion pair concentration is
the energy deposition rate by beta particles to the surrounding air. Specif c ionization is
def ned as the amount of energy deposited by a radioactive particle as it travels linearly
through a material. The rate of energy deposition for a beta particle as a function of its
kinetic energy is described by

dE
2πqNZ × (3 × 109 )4
=
dx
Em β 2 (1.6 × 10−6 )2

ˆ 

˙
Em Ek β 2
2
ln 2
−β .
I (1 − β 2 )

(2.1)

The variables of Equation (2.1) are described in Table 2.1 [8].
Table 2.1
Description of variables for Equation (2.1)
Variable

Description

q
NZ

Charge of an electron.
Number of absorbing electrons in a cm3 of air.

I
Em
Ek
β

Mean ionization potential for air.
Rest mass of electron.
Kinetic energy of beta particle.
Speed of beta particle relative to the speed of light (c)
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Value

1.602 × 10−19 C
3.99 × 1020 atoms
at STP
8.6 × 10−5 (MeV )
0.511 MeV

The average amount of energy to generate an ion pair in air is 34 eV [31]. The average
number of ion pairs produced by the beta particles can be estimated by calculating the
amount of energy deposited using Equation (2.1) and then dividing that value by 34 eV
[8]. Software was developed to utilize Equation (2.1) and the amount of energy needed to
ionize air to calculate the number of ion pairs generated as a beta particle travels linearly
through air. Displayed in Figure 2.11 is a plot of the number of ion pairs produced by
a beta particle as a function of its kinetic energy as it travels through a centimeter of air.
This software was also used to generate the ion pair production rates for the 546-keV and
2.28-MeV beta particles generated by 90 Sr and 90 Y. Figure 2.12 shows the number of ion
pairs produced as the beta particles travel through air. It is also assumed for these f rst
level estimations that the emitted beta particles are emitted with their maximum amount
of energy.

Figure 2.11
Ion pair production as a function of beta particle kinetic energy.
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Figure 2.12
Ion pair production of 546-keV and 2.28-MeV beta particles.

The window of the source holder restricts the beta particles to a maximum distance of
227.5 cm up and downstream of the test stand. It can be seen in Figure 2.12 that the 2.28MeV beta particle will generate a linear number of ion pairs until it reaches the interior
wall of the test stand. However, the 546-keV particles do not produce a linear number
of ion pairs at distances beyond 150 cm from the source. The 546-keV beta particle will
produce ion pairs at an exponential rate at distances beyond 150 cm and will deposit all of
its kinetic energy within 173 cm. This region of exponential ion pair production is shown
in Figure 2.13 as the shaded region.
More assumptions about the f ight paths of the beta particles have been made because
of the geometry of the test stand. It is assumed that the 546-keV beta particle will travel
an average distance of 70 cm (d1 ) (over all angles not restricted by the window of the
source holder) before encounter the wall of the test stand or depositing. It is also assumed
that the 2.28-MeV beta particle will travel an average distance of 120 cm (d2 ). The aver16

Figure 2.13
Region of exponential ion pair production from a 546-keV-beta particle.

age distances traveled by the beta particles were identif ed by assuming the beta particles
would travel approximately half of the maximum distance they could travel. The software
designed to compute the number of ion pair generated by beta particles calculates the average number of ion pairs produced by both the 546-keV and the 2.28-MeV beta particles.
Only the region where where both beta particles produce a linear number of ion pairs was
used. It was determined that the 546-keV and the 2.28-MeV beta particles will generate 79
(p1 ) and 64 (p2 ) ion pairs per cm of travel, respectively. It was eastimated that 3.91 × 1012
ion pairs per second will be generated within the test stand, assuming 5.92 × 108 beta
particles are emitted into the test stand (a) by using

2

aX
N=
d i pi ,
2 i=1

(2.2)

and neglecting contributions from the 546-keV beta particle at distances beyond 150 cm.
The region of exponential ion pair production by the 546-keV beta particle is treated separately.
17

The next step was to estimate the number of ion pairs produced by the 546-keV beta
particle at distances beyond 150 cm. The f ux of the 546-keV beta particles through this
region (shaded region in Figure 2.13) could be estimated by calculating the solid angle
subtended by this region. It was assumed that the surface of this region closest to the
sources, perpendicular to the walls of the test stand, takes the shape of a circle segment.
The shape of the circle segment used in this calculation can be seen in Figure 2.14 [28].
The solid angle of the circular cross section of the test stand containing the circle segment
was calculated. The ratio of the areas of the circle segment to the area of the cross section
was evaluated. This ratio was multiplied by the solid angle subtended by the cross section
containing the circle segment to estimate the f ux of beta particles that travel beyond 150
cm.

a

�

h

Figure 2.14
Drawing of the assumed circle segment surface for the 546-keV beta particle.

The solid angle subtended from the source to the cross section containing the circle
segment is described by

(r, z, a) = z

Z

0

2ˇ

Z

a
0

ρdρdφ
.
(ρ2 − 2ρr cos φ + r 2 + z 2 )3/2
18

(2.3)

It is diff cult to solve Equation (2.3) directly. Descriptions of the variables used in Equation (2.3) can be found in Table 2.2. The geometry of the integral can be seen in Figure 2.15. There are three methods that can be used to evaluate Equation (2.3). The f rst
two methods involve converting the integral into elliptic integrals of the f rst and third kind,
or f rst and second kind [21, 25]. The f nal method utilizes the built-in “NIntegrate” function within Mathematica. The method involving the elliptic integrals of f rst and second
kind is cumbersome. NIntegrate and the method of transforming the integral into elliptic
integrals of f rst and third kind have been used to evaluate the solid angle subtended by the
disk.
Table 2.2
Description of variables for Equation (2.3)
Variable

z
r
a

Description

Value

Perpenduclar distance from source to disc.
125 cm
Off axis distancefrom the perpenduclar axis of the disk. 30.5 cm
Radius of disk containing circle segment.
30.5 cm

The transformed version of Equation (2.3) in terms of elliptic integrals of the f rst and
third kind is described by



2z
r−a
2
(r, z, a) = π[1 + sgn(a − r)] − p
K(k) −
(α , k)
r+a
z 2 + (r + a)2
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(2.4)

Source
Location
z
R

S

dS
!
a

r

Figure 2.15
Drawing of the geometry to evaluate Equation (2.3).

k2 =

z2

α2 =

4ar
+ (r + a)2

(2.5)

4ar
.
(r + a)2

(2.6)

(α2 , k) and K(k) are elliptic integrals of the f rst and third kind, respectively. The variable k is def ned as the modulus and α is the elliptic characteristic [29, 30]. The numerical
integration technique and elliptic integral form of Equation (2.4) were both programmed
into Mathematica to verify that both methods produced the same results. The solid angle
of known geometries were calculated and compared to tabulated values [21]. Both methods obtained identical values of the solid angle for known geometries. These values were
also in agreement with tabulated values.
The area of the circle segment in Figure 2.14 is described by
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Aseg
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2

ˆ

−1

2 cos






˙
a−h
a−h
−1
− sin 2 cos
.
a
a

(2.7)

This area was then divided by the area of an entire circle. This value was then multiplied
by Equation (2.7) to obtain

seg

z
=
2π

ˆ




˙
a−h
−1 a − h
−1
2 cos
− sin 2 cos
(r, z, a),
a
a

(2.8)

which was used to estimate the solid angle subtended from the source to the circle segment.
Equation (2.8) was used to estimate that the shaded region in Figure 2.14 subtended a
solid angle of 0.055 steradians (sr) from the source. The solid angle of an entire sphere
subtends 4π sr, so approximately 0.88% of the beta particles emitted from the sources
will undergo exponential ion pair production. The 546-keV beta particle will produce
an addition 4,600 ion pairs after 150 cm of travel. These beta particles will generate an
additional 2.98 × 1010 ion pairs per cubic centimeter per second when all four sources are
considered.
A single 90 Sr/90 Y source generates approximately 4.02 × 1012 ion pairs per second per
source. All four sources are located in the same section of the test stand. All four sources in
concert will produce a total of 1.61 × 1013 ion pairs per second in the neutralizer section of
the test stand. The maximum distance the beta particles travel is estimated to be 227.5 cm
up or downstream of the source. The total volume of the test stand considered irradiated is
1.33 × 106 cubic centimeters. It is estimated that the neutralizer will generate on average
a 1.21 × 107 per cm3 per second. This is almost twice the number of ion pairs needed for
effective aerosol neutralization. The aerosols within the test stand will have a velocity of
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350 cm per second when the test stand is set to have a 2,000-cfm (0.94 m3 /s) volumetric
f ow rate. Consequently, these aerosols will be exposed to the ion pairs for approximately
1.3 seconds. This represents a signif cantly long exposure time for the aerosols to reach
the Boltzmann equilibrium.

2.4 MCNP Simulations
The previous section grossly under estimates the physics of the interactions from the
beta particles emitted by the

90

Sr/90 Y sources. The radiation f eld within the test stand

must be modeled to achieve a better understanding of what is occurring within the test
stand. The Monte Carlo N-Particle eXtended (MCNPX) [20] software was used to model
the interaction of the beta particles within the air and walls of the test stand.
All of the major components of the upstream section of the test stand, including a description of the materials making up the test stand, were programmed into MCNPX. Small
details such as seals, nuts, and bolts were omitted from the model. MCNPX geometries
are typically as simple as possible to streamline calculations. Overly detailed geometries
often lead to results that are no more accurate than those where they are omitted. Only
the upstream section of the test stand containing the sources was considered. Major components, such as the f lter housing or the downstream section of the test stand were not
modeled. A drawing of the test stand geometry in MCNP Visual Editor [23] is displayed
in Figure 2.16. Note that the test stand was rotated 45o about the axis of the test stand in
the simulations to simplify modeling of the window of the source holders.
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Figure 2.16
Cross section drawing of the neutralizer portion of the test stand.

The type, location, source distribution, and energy of the of the radiation sources are
specif ed along with the physical properties of the test stand. The maximum energy of the
both the 546-keV and 2.28-MeV beta particles are programmed into MCNPX. MCNPX
generates a single particle from a source. MCNPX then “transports” the particle through
the geometry of the test stand. It tracks the interactions of the beta particle with air and
the material from which the test stand is constructed as the beta particle is randomly transported through the geometry. MCNPX determines how each beta particle interacts within
the test stand by using cross section data and physics models. MCNP Visual Editor can
also be used to track and plot up to 10,000 particle trajectories. Figure 2.17 shows such a
plot for 20 individual beta particles.
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Figure 2.17
Flight paths of 20 individual beta particles emitted from a single source.

MCNPX transports radiation particles through the test stand until a user def ned number of particles are emitted from the source. The number of particles included in the study
is a function of statistics required by the user. The standard deviation in MCNPX calculations decreases by n1/2 , with n being the number of particle histories. The lower the
uncertainty in the calculations, the more particles that must be transported through the
geometry.
Components of MCNPX geometries are composed of geometric volumes called cells
which are composed of surfaces. In MCNPX, surfaces are def ned f rst and cells are def ned by the surfaces. When MCNPX tracks particle interactions, it records which interaction occurred and in which cell it occurred. The air within the test stand was segmented
into 40 individual cylindrically shaped cells. A 3D rendering of the MCNPX geometry
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used to represent the test stand can be seen in Figure 2.18. This rendering shows all of the
cells minus the wall of the test stand. The wall of the test stand was hidden from view so
the interior cells containing the air would be visible.
An output f le is generated after MCNPX transports the desired number of particles
through the test stand. The output f le contains the original MCNPX code, calculation
statistics, and the output specif ed by the user. The user selects the kind of output wanted
by specifying the cells of interest. MCNPX utilizes tallies to specify which quantities are
output. MCNP can output the current tallies: (1) current on a surface, (2) f ux on a surface,
(3) f ux through a cell, (4) f ux at a point or ring detector, (5) energy deposition, (6) f ssion
energy deposition, or (7) pulse height tallies.
Energy deposition tallies (F6 tallies) were used on all of the cells containing air within
the test stand. The data for energy deposition tallies are output in a normalized format
with units of MeV per gram. Also included in the MCNPX output f le are the volumes
and masses of the cells. The values of the energy deposition were converted into units
of eV and are then scaled to match the activity of the sources within the test stand. The
number of ion pairs can be calculated by using the generalized ionization potential for
air (34 ev). The ion pair concentration generated in the HEPA test stand according to the
MCNP results can be seen in Figure 2.19
An average of 1.28 × 107 ion pairs per cubic centimeter per second is generated if
the volume 227.5 cm up and downstream of the sources is included. The average ion pair
concentration is 1.58×107 ion pairs per cubic centimeter per second if a volume containing
the charged aerosols for a residence time of one second is considered.
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Figure 2.18
MCNP Visual Editor 3D rendering of the HEPA test stand.
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Figure 2.19
Ion pairs generated in the HEPA test stand according to MCNPX simulations.

2.5 Ion Pair Detector/Collector
An ion pair detector was designed and constructed to measure and verify the number of
ion pairs generated within the test stand. The detector is constructed of a HDPE cylinder
with the interior of the cylinder lined with a stainless steel sleeve. The front end of the
detector is shaped so that it functions as an isokinetic nozzle and the air velocities through
the detector are the same as those within the test stand. The interior diameter of the
nozzle matches the interior diameter of the metal sleeve. Running down the center of
the detector is a stainless steel wire. A drawing of the detector is provided in Figure 2.20
and a photograph is shown in Figure 2.21.
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Figure 2.20
Drawing of ion pair detector.

Figure 2.21
Photograph of ion pair detector.
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The ion pair detector is placed within the test stand at one of the port locations. An
electric potential is then applied across the wire running down the center of the detector
and the interior metal sheath. The force on an electric charge is described by

F = q(E + v × B).

(2.9)

The magnetic f eld is assumed to be zero because current within the detector is minimal.
The force on the electric charge, the ion pairs, is directly proportional to the strength of
the generated electric f eld. The electric f eld separates the ion pairs based on their charge.
Ion pairs collected on the surface of the metal wire and on the interior sheath generate a
very small current. This current is measured with a picoammeter attached to the interior
sheath. The ion pair density within the test stand can be measured by collecting all of the
ion pairs that pass through the detector and knowing the volumetric f ow rate through the
detector.
The detector’s operating voltage needs to be determined before the detector can be
used for measuring ion pairs. The voltage applied across the wire and the sheath must
be strong enough to collect all of the ion pairs, but not so strong as to accelerate the ion
pairs excessively, generating additional ion pairs [16]. The detector was placed into the
test stand to determine its operating voltage. Voltage was applied across the detector and
the current was measured on the picoammeter. The voltage was then ramped up and the
process was repeated for the range of voltages from 0 V to 1,300 V. These values were
plotted and the 750 V to 850 V region of operation was selected. A plot of the voltage

29

verses current data can be seen in Figure 2.22. The ion pair detector was set to 800 V for
normal operation for all measurements.

Figure 2.22
Electric potential and current data used for characterizing ion pair detector.
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The ion pair density was calculated using

(2.10)

I = nAvq.

Descriptions of the variables used in Equation (2.10) are contained in Table 2.3. Measurements were made at a volumetric f ow rate of 2,000 cfm within the test stand. It was
determined that an ion pair concentration of 1.2(3) × 107 ion pairs per cm3 per second
was produced at a distance of 105 cm downstream from the neutralizers. This ion pair
concentration is within 1.0% of the theoretical calculations of Section 2.3 and 6.7% of the
MCNP simulations os Section 2.4. An ion pair concentration of 6(2) × 106 ion pairs per
cm3 per second were found at 260 cm downstream from the neutralizer. The aerosols will
have a residence time of 1.48 seconds if we assume the radiation f eld extends all the way
down to 260 cm upstream and downstream of the sources at 2,000 cfm.
Table 2.3
Description of variables for Equation (2.10)
Variable

Description

I
n
A
v

Curent measured by ion pair detector.
Number of ion pairs.
Cross sectional area of detector nozzle.
Velocity of ion pairs.

q

Charge of an electron
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Value

4.05 cm3
350 cm/s (2,000 cfm)
or 670 cfm (4,000 cfm)
1.602 × 10−19 C

2.6 Aerosol Electrometer Measurements
A TSI Model 3068 aerosol electrometer was used to analyze the overall charge of the
aerosols within the test stand to further verify the aerosol neutralizer worked. The aerosol
electrometer pulls in charged aerosols from the test stand and deposits the aerosols on
a f lter which is sensitive to the deposition of charged particles. The electrometer had a
volumetric f ow rate of 1.5 liters per minute. Current, which is generated as the particles
are deposited onto the f lter, generates an electric potential across a resistor within the unit.
This voltage is displayed to the user.
The aerosols generated within the test stand are assumed to either have zero to multiple
(positive or negative) charges when produced. Electrometer measurements were made
with and without the sources in the test stand to determine the eff ciency of the aerosol
neutralizer system. The measurements with and without the sources were compared to
determine the overall effectiveness of the system.
Two aerosols were used to evaluate the effectiveness of the aerosol neutralizing system: alumina and carbon black. For alumina, the electric potential was measured with the
electrometer to a value of 6.0(8) V without the use of the sources in the test stand. The
sources were placed back into the test stand and an electric potential of 1.1(6)V was measured. Hence, the neutralizer system has an overall effectiveness of 81% for alumina. An
electric potential of -8.1(9) V was measured for carbon black without the sources in the
test stand. This electric potential was brought to -0.2(1) V with the sources placed back
into the test stand. The aerosol neutralizing system has an overall effectiveness of 97% for
carbon black.
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2.7 Safety and Security
Several safety precautions were taken to ensure the sources were used as safely as
possible because of the danger of working near radiative materials. Every step was made
maintaing the concept of “as low as reasonably achievable” (ALARA) [3]. Radiation
safety and physical security of the sources were both a concern.
Several steps have been taken to ensure radiation dose rates were kept to as low as
possible when working with and around the sources. The walls of the test stand provide
enough of a barrier to keep radiation dose rates low when the sources are in the test stand
as is evidence by dosimeter data. However, the radiation levels around the neutralizer
portion of the test stand are still high enough to make that area a designated radiation area
[4]. Dosimeter reading for areas on and around the test stand can be found in Table 2.4.
Table 2.4
Dosimeter data on and around the test stand.
Dosimeter
Position
On exterior of test stand at the center of the neutralizer.
On exterior of test stand, 150 cm down stream from center
of neutralizer.
On exterior of test stand, 150 cm up stream from center of
neutralizer.
220 cm away from the test stand.

Deep
Shallow
Dose
Dose
(mrem/h) (mrem/h)
7.55
12.84
0.05
0.08
0.07

0.07

0.06

0.06

Personnel are potentially exposed to high levels or radiation during installation and
removal of the sources because dose rates are extremely high near the unshielded sources.
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Personal protection equipment was used to shield personnel who are installing, removing,
or working with the sources. The protection equipment included lead lined arm sleeves,
ring dosimeters, personal dosimeters, and 1 inch thick acrylic shields. The arm sleeves and
acrylic shields are used to reduce the dose from the beta radiation. Dosimeters are used to
record total exposure levels to the hands and body. Great care was taken to not point the
sources at oneself or others due to the directionality of the radiation f eld when the sources
are in their source holders. Personnel are also restricted from the room where the test stand
is located when the sources are being removed or installed by the ICET radiation safety
off cer.
Specialized locking bolts were used to mount the sources to the test stand to ensure
that the sources are not removed by unauthorized personnel. These bolts can only be
removed by a special socket wrench that matches the shape of the bolts. The sources are
also mounted with accelerometers that are linked to an alarm system. The accelerometers
are used to ensure the sources are not tampered with when they are installed into the test
stand. An alarm sounds if the sources are tampered with or removed from the test stand
while the system is armed. The MSU police department, MSU regulatory compliance
off cer, and the ICET radiation safety off cer are also notif ed if the alarm is activated.
The sources were removed from the test stand when it is not in use. The sources
were placed in their protective lead lined holders. The sources were then transported to a
radiation safety lab where they are stored. This room also has restricted access to only a
few personnel and scientists.
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2.8 Cost Benef ts
Traditionally, krypton-85 (85 Kr) sources are used as neutralizers within small scale
HEPA f lter test stands.

85

Kr, like 90 Sr and

90

Y decays via beta emission. However, be-

cause of the cases inclosing the sources, these 85 Kr sources would need to be placed within
the aerosol generator. Photographs of a standard 85 Kr source can be seen in Figure 2.23 and
Figure 2.24. The air velocities within the test stand aerosol generator are approximately
14.5 meters per second. The neutralizing portion within the source is approximately 15.5
cm long. Thirty-two 85 Kr sources would need to be used in tandem to achieve a one second
residence time. Currently, each source costs $7,000, which would drastically increasing
the operating costs of the overall project. The 90 Sr/90 Y sources used within the neutralizer
were obtained through a radiation source recycling facility. The sources themselves were
free. The only cost in procuring the sources was the shipping cost, making these sources
extremely cost effective compared to 85 Kr.
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Figure 2.23
Photograph of a 85 Kr source - side prof le.

Figure 2.24
Photograph of a 85 Kr source - end prof le.
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2.9 Summary and Conclusions
Two methods have been described to estimate the ion pair concentrations. The f rst
method used broad assumptions about the f ight path of the beta particle: linear f ight
path, spherically symmetric, average distance travelled over all angles, and average ion
pair production per centimeter of travel in the overall calculation of the number of ion
pairs produced. It was estimated that 1.21 × 107 ion pairs per cubic centimeter per second
will be generated within 227.5 cm up and downstream of the sources using this method.
Test aerosols injected into the test stand experience a residence time of 1.3 seconds at a
volumetric f ow of 2,000 cfm.
MCNPX simulations were also performed to model the radiation f eld within the test
stand to estimate the number of ion pairs produced. The entire portion of the test stand
upstream from the f lter housing of the test stand was modeled in MCNPX. Some minor
details, such as seals, nuts and bolts, were not included in the MCNPX simulation to keep
the simulation as simple as possible. MCNPX simulated beta particles emitted from the
source and traversing the test stand. It has been estimated using MCNPX that 1.28 × 107
ion pairs per cubic centimeter per second will be generated if we assume the same volume
as those in the used in the manual calculation previously discussed.
Several methods have been used to determine the over all effectiveness of the neutralizer. It was measured that the neutralizer generated 1.2 × 107 ion pairs per cubic centimeter per second at 105 centimeters downstream from the test stand using an in-house
constructed ion pair detector. It was found that ion pair concentrations were at 6 × 106 ion
pairs per cubic centimeter per second at 260 cm downstream form the neutralizer using
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the ion pair detector. Eff ciency measurements were made using an aerosol electrometer
to measure the overall charge of test aerosols. Electrometer measurements were made with
and without the sources in the test stand and compared. It was determined that the aerosol
neutralizing system has an overall effectivenesses of 81% and 97% for alumina and carbon
black, respectively.
Also discussed are the safety procedures and security measures taken to insure the
sources were used safely. Using radioactive materials in the aerosol neutralizer pose a
risk to personnel, but they can be used safely if ALARA concepts are followed. Sources
holders and containment vessels have been constructed with safety and security in mind.
Dose rates around the test stand are high enough when the sources are installed to make
the area around the neutralizer system a designated radiation area, but are low enough to
allow normal work around the test stand.
It has been proven based on theoretical calculations, MCNP simulations, and measured
results that the aerosol neutralizing system is effective at neutralizing charged aerosols. It
was also shown that the 90 Sr/90 Y sources can be safely used within the test stand and are
more cost effective than using traditional 85 Kr neutralizers.
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CHAPTER 3
RADIATION EXPOSURE RATES FROM MOBILE SURVEY SYSTEM DATA
3.1 Introduction
Several buildings at the Oak Ridge National Laboratory (ORNL) and at the Y-12 National Security Complex, are scheduled under the Integrated Facilities Disposition Project
(IFDP) for deactivation and decommissioning. Most buildings have been abandoned for
decades with the entrances of the buildings sealed closed. Weather and time have taken
their toll on these buildings.
The historical information about each building is often insuff cient to identify what
radiological contamination may still be present. All radiological contaminants must be located, identif ed, dose rates calculated, and protective measures established before demolition crews can enter the building to start work. Effort has been undertaken to determine
the potential of using inorganic scintillation detectors to perform detailed surveys of the
radiation f elds of the interior of the buildings. Robotic systems mounted with gamma-ray
inorganic scintillation detectors could be used to perform the surveys. The robotic systems
can also be mounted with ultra-wideband position sensors.
Radiation intensity maps can then be generated from data collected during the survey.
An example of a radiation intensity map collected using one of the ICET depleted uranium survey systems can be seen in Figure 3.1. gamma-ray spectroscopy data collected
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Figure 3.1
Example of a radiation intensity map.

during the survey can be used to identify gamma-ray sources. The activities of sources
identif ed by survey data can be determined using known values of the detector’s absolute
eff ciencies. Maps can be constructed of the interior of the buildings showing contamination radiation intensity and exposure levels. The following discusses a methodology that
can be used to perform these surveys.

3.2 NaI(Tl) and LaBr3 (Ce) Scintillation Detectors
Two different types of inorganic scintillation detectors were used in this experiment:
(1) 3-by-3 inch (7.62 x 7.62 cm) thallium-doped sodium iodide (NaI(Tl)) and (2) 3-by-3
inch (7.62 x 7.62 cm) cerium-doped lanthanum bromide (LaBr3 (Ce)). The performance of
both detectors were characterized under controlled conditions before f eld measurements
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with these detectors were made. Detector characterization was performed on a test stand
developed by ICET [22]. Sources that emit radiation spherically can be placed at the center
of the test stand at a variety of heights above the f oor. Radiation detectors are mounted to
the test stand by using support mounts. Mounting locations on the test stand are symmetric
about the center of the test stand where the source is located. Holes are tapped into the
base of the test stand in rays emanating from the center in 15o increments. Photographs
of the test stand and detector mounting units are shown in Figure 3.2 and Figure 3.3. The
detector in Figure 3.4 is rotated at a 45o angle from vertical to show that detectors can also
be oriented in any direction.

Figure 3.2
Photograph of the radiation test stand with a source and radiation detector mount.
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Figure 3.3
Photograph of the test stand mounting positions.

Figure 3.4
Photograph of a LaBr3 (Ce) detector mounted by on digiBASE
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TM

unit.

For data collection, ORTEC R hardware and software were used. ORTEC R ’s Scintivision
software is used to: (1) collect gamma-ray spectra, (2) perform energy calibrations, and
(3) control software settings within the hardware of the scintillation detector systems. The
scintillation detectors are mounted on ORTEC R digiBASE
digiBASE

TM

TM

phototube base units. The

units contain a built-in high voltage power supply and a multichannel ana-

lyzer. The digiBASE

TM

unit is powered via a universal serial bus (USB) connection. A

photograph of a LaBr3 (Ce) detector mounted on a digiBASE

TM

units can be seen in Fig-

ure 3.4.
The selection to use NaI(Tl) and LaBr3 (Ce) detectors was based the following factors.
NaI(Tl) detectors: (1) come in a variety of sizes and shapes, (2) are available from a variety
of manufactures, (3) generate good gamma-ray spectra, and (4) are relatively inexpensive
and readily available. A 3 x 3 in NaI(Tl) detector can be purchased off the shelf for approximately $1,500. LaBr3 (Ce) detectors were chosen for their superior sensitivity and
energy resolution compared to NaI(Tl) detectors. Table 3.1 contains data describing the
physical properties of NaI(Tl) and LaBr3 (Ce) crystals [19]. The increased light output (Y )
leads to better counting statistics. The shorter relaxation time (τ ) produces better spectral
resolution. Better spectral resolution allows for improved isotope identif cation and discrimination. The higher density (ρ) of the LaBr3 (Ce) crystal increases the probability that
gamma-rays passing through the detector will interact with the detector and increases the
probability the gamma-ray will deposit all of its energy. A comparison gamma-ray spectra of cesium-137 (137 Cs) measured by both NaI(Tl) and LaBr3 (Ce) detectors is shown in
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TM

Figure 3.5. The downside of using LaBr3 (Ce) detectors is the cost. The price of a 3 by 3
in LaBr3 (Ce) detector is approximately $48,000 at the the time of writing this thesis.
Table 3.1
Physical properties of NaI(Tl) and LaBr3 (Ce) crystals
Detector
NaI(Tl)
LaBr3 (Ce)

Y
τ
λ
ρ
(photons/MeV)
(ns)
(nm) (cm/g3 )
43,000
230
415
3.68
61,000
17 - 35
5.29

3.3 Activity and Dose Rate Calculations
The activity of the sources must f rst be determined from gamma-ray spectra data to
calculate dose rates. The activity of isotopes can be calculated from gamma-ray spectra
by using

Activity(Bq) =

Counts(E)
.
tL abs(E) I (E)

(3.1)

Table 3.2 contains the description of each variable [18]. All of the variables in Equation (3.1), except the live-time, are a function of the energy of the emitted gamma-rays
from the source. Isotopes found during surveys can be identif ed by visually inspecting
the spectra. The counts are obtained from survey data and come from the spectra collected. The live-time is recorded during the collection of survey data and is user def ned
for a certain length of time. The intensity is ratio of the number of decays undergone by
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Figure 3.5
Comparison spectra between NaI(Tl) and LaB3 (Ce).

the source that emit the gamma-ray at the energy E divided by the total number decays.
Intensity values are well known and documented [11]. The absolute eff ciency is not only
a function of the energy of the incident gamma-rays, but also of the detector-source geometry. The absolute eff ciency of the scintillation detector can be determined before or after
the survey has been completed. Survey data are used to determine the source-geometry
and then the appropriate absolute eff ciency is used in Equation (3.1). The absolute eff ciency is def ned as the number of photons detected divided by the number of photons
emitted from the source. Use and determination of the absolute eff ciency is described in
the next section.
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Table 3.2
Description of variables for Equation (3.1)
Variable
Counts(E)
tL
abs (E)
I (E)

Description
Number of photons detected in the photopeak
Live-time. Specif ed by user. (sec)
Absolute eff ciency of detector at photopeak.
Number of gamma rays emitted from source, divided by total
number of decays

The equation
34.6At1/2 �(1 − e
Dose =
r2

−0.693tr
t1/2

)

(rem)

(3.2)

is used to calculate the dose rate to personnel exposed to the sources identif ed during the
surveys. Descriptions of the variables in Equation (3.2) can be seen in Table 3.3[2, 18, 24]
Equation (3.2) assumes a point source that emits radiation spherically. The most important
variable in Equation (3.2) is �, the activity-to-dose-rate conversion unit. Each isotope has
its own � value. The � value for several commonly used isotopes can be found in Table 3.4.
Each isotope will have a different � value. This � value is a linear combination of dose
rates from all the different energy gamma-rays emitted from a source[26]. The activity of
the source is determined from survey data using the methods previously discussed. The
distance from source (r) is obtained during the processing of survey data and is described
in more detail in the following sections.
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Table 3.3
Description of variables for Equation (3.2)
Variable
A
�
tr
t1/2
r

Description
Activity of source. (From Equation (3.1))(mCi)
Activity-to-dose conversion unit.
Exposure duration. (sec)
Half-life of the isotope. (sec)
Distance from the source. (m)

Table 3.4
� values for several common isotopes.
Isotope

�
(R-cm /mCi-h)
5.73
2.20
0.78
0.79
3.30
13.2
4.89
0.00046
2

F
I
99m
Tc
67
Ga
137
Cs
60
Co
192
Ir
89
Sr
18

131
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3.4 Small-Scale proof-of-concept Experiment
Small-scale proof-of-concept experiments were performed using the methods described
in the previous section to determine activity and dose rates using gamma-ray spectra. Included in this effort was a comparison of the performance of NaI(Tl) and LaBr3 (Ce) detectors for this application. Both NaI(Tl) and LaBr3 (Ce) detectors were characterized to
determine their absolute eff ciencies for a single isotope. This characterization included
a large variety of detector-source geometries. Spectra were collected at positions with
known detector-source geometries. The collected spectra were then analyzed using methods described in the previous section to demonstrate that the activity and dose rates could
be determined.
The test stand used for characterization of the radiation detectors was used to determine
the absolute eff ciencies of the NaI(Tl) and LaBr3 (Ce) detectors for a large number of
detector-source geometries. A 3.7×108 -Bq (10-mCi) 137 Cs source was placed at the center
of the test stand, one meter above the f oor. Detectors were mounted at 0.1-m, 1-m (same as
the 137 Cs source), and 2-m above the f oor of the test stand. The detectors were oriented so
that their f at circular surface bottoms were parallel to the f oor and the digiBASE

TM

units

were directly above the detectors. Spectra were collected using ORTEC R Scintivision

TM

software at distances from 0.5 m to 1.2 m in approximately 5 cm increments away from
the source. The detectors became saturated and were unable to provide reliable data at
distances closer than 0.5 m. The live-time was set to 300 seconds (5 minutes). Each
detector was energy calibrated using small 137 Cs and

60

Co button sources before spectra

were collected. The gain on the detector was adjusted to ensure the photopeaks from
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both 137 Cs and 60 Co are always in the same locations in each spectrum collected. A gain
stabilization routine within Scintivision

TM

monitored the position of the 137 Cs photopeak

during spectra collection, and dynamically adjusts the gain of the detector to keep the
137

Cs photopeak within the same location in the spectrum.
Software was developed to analyze the spectra collected using both NaI(Tl) and LaBr3 (Ce)

detectors. First the software performs background subtraction. Then software identif es
the photopeak from 137 Cs in the spectra and selects a region-of-interest (ROI) around the
photopeak. The number of counts within the ROI are summed. This value is then divided
by the total number of gamma-rays emitted from the source during the duration that the
spectrum was collected. This information was used to determine the absolute eff ciency
of the detector for the 662-kev gamma-ray emitted from

137

Cs. The absolute eff ciency

was determined for each detector-source geometry. These absolute eff ciencies, and the
corresponding detector-source geometries, were then saved for later use. The absolute eff ciency measured by the detector in the plane containing the source (1 meter off the f oor)
for both NaI(Tl) and LaBr3 (Ce) can be seen in Figure 3.6.
The absolute eff ciency of the detector is strongly dependent on not only the energy of
the incident gamma-rays, but also the detector source-geometry. The absolute eff ciency
of LaBr3 (Ce) for detector-source geometries for vertical detector positions of 0.1-m, 1-m,
and 2-m above the f oor of the test stand can be seen in Figure 3.7. It should also be noted
that the absolute eff ciencies for the LaBr3 (Ce) detectors located 0.1-m and 2-m above
the f oor of the test stand have almost identical detector-source geometries. However, the
absolute eff ciency of the detector located 0.1 m off the f oor of the test stand falls off as the
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Figure 3.6
Comparison of the absolute eff ciencies of NaI(Tl) and LaB3 (Ce)
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Figure 3.7
Absolute eff ciency of the LaBr3 (Ce) detector for three detector heights
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detector approaches the center of the test stand. This drop off in absolute eff ciency of the
detector located 0.1-m above the f oor of the test stand is due to shielding from radiation
by the electronics (photomultiplier tube and digiBASE

TM

unit) mounted on the top of the

detector.
Evaluations of the performance of NaI(Tl) and LaBr3 (Ce) detectors for determining
activity and dose rates are only done for the detector located in the plane of the source
(1.0-m above the f oor the test stand). Additional spectra were collected for 300 second
of live-time for identical source-geometries as those collected for identifying the absolute
eff ciency. These spectra were then used to validate the methods in the previous section for
calculating activity and dose rates for the same 10-mCi

137

Cs source. Identical software

routines were used to locate and determine the ROI for these spectra and sum the total
counts within the ROI. The absolute eff ciencies for these detector-source geometries were
recalled and used to calculate the activity for each detector position. Measured activities
at each detector position can been found in Figure 3.8. The determined activities are then
used to estimate the dose rate at each detector position. The determined dose rates are
displayed in Figure 3.9.
For this small-scale proof-of-concept experiment, only the detector located 1.0-m above
the f oor of the test stand was used. It has been hypothesized that when all three detectors
are used in unison, the vertical location of the sources above the f oor of the test stand can
be estimated by comparing the ratio of the radiation intensity between all three detectors.
This method was not evaluated in detail during this study.
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Figure 3.8
Measured activities at each detector position.
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Figure 3.9
Measured dose rates at each detector position.
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3.5 Large Scale Proof-of-Concept Experiment
The detector-source geometry will be unknown and the isotopes within the survey will
also be unknown when surveys are conducted. However, both source locations and isotope
identif cation can be determined from the spectral data collected during the survey. A mock
survey was performed to show how source location and identif cation can be performed in
the f eld.
A mobile detector stand was constructed to perform a survey in a neutral environment.
The detector stand was mounted with LaBr3 (Ce) detectors at the same detector heights as
those used in the absolute eff ciency evaluation. The apparatus was also equipped with a
laptop computer. NaI(Tl) detectors were not used. The survey was conducted in a vacant
parking lot at ICET. A 10-m by 10-m region was gridded off in 0.5-m increments. A
photograph of the constructed test stand and a portion of the gridded survey area can be
seen in Figure 3.10.
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Figure 3.10
Photo of mobile test stand.
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A 10-mCi 137 Cs source was placed randomly 1-m above the ground within the survey
area. A survey was performed by collecting spectra at each grid intersection for 30 seconds
of live-time. The spectra were saved and the location of the spectra recorded. This was
performed for every grid intersection.
Spectral data and positional data were combined during post-survey data processing.
Positions were recorded in a standard Cartesian coordinate system with the origin at one
of the the corners of the survey area. The total counts over the entire energy range of the
spectra were summed for each individual spectra to determine the position of the source.
The total counts were then again combined with the x and y positional data. These data
were then processed using Geosoft R Oasis Montaj mapping software [1]. Built-in peak
f nding algorithms in Montaj were used to determine the location of maximum radiation
intensity. The location was recorded for later use. A radiation intensity map can be seen
in Figure 3.11. Montaj accurately located the source at a position of 7.5-m in the xdirection and 7.5-m in the y-direction and this is where the source was placed within the
survey area. Spectra nearest the highest radiation intensity were then visually inspected
for isotope identif cation.
The source activity could then be determined using the measured source location and
source type identif ed. The distances from the source to the position of the collected spectra were calculated by using the positional data recorded during the survey and the location
of the source determined by Montaj. These distances were then used to recall the appropriate absolute eff ciencies for spectra collected near the source. All of the spectra within
2.5-m of the source were used to calculate the average activity of the source. It was deter57

Figure 3.11
Radiation intensity map.
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mined from survey data that the source had an activity of 9.9 ± 2.4-mCi, slightly higher
than actual value. A dose rate maps was constructed with the location and activity of the
source known. The dose rate map can be seen in Figure 3.12

Figure 3.12
Dose rate map in units of mrem/hour.

3.6 Discussion
It is important to note that only

137

Cs was used in this study. Other high activity

sources were not available at the time. However, the same method could be used for any
isotope that emits gamma-rays. The biggest issue that might be found during a survey
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is the presence of multiple isotopes of the same or different kinds within a survey f eld.
Isotopes of different kinds will produce gamma-ray spectra that are a linear combination
of contributions from all the isotopes. Current studies are being undertaken at ICET to
separate inf uences of multiple isotopes in a single gamma-ray spectrum. Multiple sources
of the same kind generate a different and more diff cult issue to resolve. Contributions
from each source occurs at the same location within the spectrum and it becomes diff cult to separate contributions from each individual source. Other methods of performing
activity-to-dose-rate calculations may need to be considered. It is hypothesized that using
a counts-per-dose correlation may prove to be more effective.
The biggest factor in this study is determining the absolute eff ciency of each detector
relative to its position from a source. There are an inf nite number of possible absolute eff ciencies because there are a large number of detector types, detector geometries, hardware,
environmental factors, and detector settings. An alternative method can be employed that
does not require calculations of the absolute eff ciencies from reference data. The absolute
eff ciencies can be calculated from survey data if a calibrated source is placed in the survey
area during post-survey processing. The calibrated sources could also be used for energy
calibration and for quality control checks.
Three methods are currently available for estimating dose rates. The f rst method uses
a count-to-dose correlation matrix that is applied to the collected spectra [32, 10]. This
method requires extensive detector characterization prior to deployment and the characterization process must be repeated if any hardware or software settings are changed. Such
a method for dose rate conversions is not recommend for performing surveys because it is
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strongly depended on detector characterization. Extensive detector characterization can be
avoided by using the method described in this thesis along with placing calibrated sources
in the survey area. The second method uses a pressurized ionization chamber (PIC) that
can be used to cross-calibrate the scintillation detectors. This method is also the standard
for cross-calibration of survey meters [15]. The third method requires personal dosimeters
to be placed at a large number of positions within the survey area. This method is not used
due to several reasons: (1) it requires an extensive amount of effort to place the dosimeters
in the survey area, (2) a large number of dosimeters is required, (3) data collection takes an
extremely long time to collect (days to weeks), and (4) each dosimeter must be processed
individually.
Placing a calibrated source within a survey area and using the method discussed in this
thesis allows issues with the previous three methods to be avoided. The detectors do not
need to be characterized prior to the survey. This method can be used with any gammaray spectroscopy hardware because the hardware can be characterized during post survey
processing. Additionally, this method also doesn’t require extensive use of dosimeters to
be analyzed by a separate lab or a cross calibration to another detector type.

3.7 Summary and Conclusions
A method for calculating exposure rates from gamma-ray spectra collected from mobile surveying systems has been described. It has been shown that both NaI(Tl) and
LaBr3 (Ce) detectors provide spectral resolution good enough for isotope identif cation.
However, LaBr3 (Ce) detectors provide superior gamma-ray spectroscopy data compared
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to NaI(Tl) detectors. Data collected during surveys include spectral data and positional
data. Radiation intensity maps can be produced from spectral and positional data using
Geosoft Oasis Montaj. The location of radiation sources can be determined by using the
built-in peak-f nd algorithms in Montaj. Spectra collected near the sources can then be
used to identify the isotope within the survey f eld. With the location and type of source
identif ed, appropriate absolute eff ciencies for the collected spectra can be used to calculate the activity of the source. Dose rate maps of the survey are can be constructed using
the location and activity of the sources.
Small and large scale proof-of-concept experiments were undertaken to show the method
discussed can be used to calculate dose rates from survey data. For the large-large scale
proof-of-concept experiment, A 10-mCi 137 Cs source was placed in a 10-m by 10-m grid
survey area and a survey was performed. The source was successfully located using
Geosoft Oasis Montaj software. The activity of the source was measured using the positional data and appropriate absolute eff ciency spectra collected around the source. Software estimated that the source had an activity of 9.9 ± 2.4-mCi, slightly higher than actual
value.
It is also suggested that absolute eff ciency not be determined prior to a survey. It is
recommended that calibrated sources be placed within the survey area and the scintillation
detectors characterized during post survey data processing.
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